include the proportions in the population of a gene and of its alleles, and of the genotypes formed by a gene and its alleles. Thus the study of human inheritance is essentially a study of population genetics.
Population genetics is itself a highly complicated subject, and one which could not be adequately covered in an evening's lecture. I shall restrict myself, therefore, to several basic and important principles which underlie this science, and which are essential to an understanding of human and medical genetics. Many letters on questions of human inheritance come to my desk from physicians, and I shall draw upon some of these letters to indicate the very real problems which arise in the minds of medical men in regard to population genetics. I have chosen five principles which I consider fundamental, and I shall discuss each one, with suitable illustrations of direct application to the physician.
1. In a large population, with negligible or balancing effects of mutation, selection, and migration, the proportions of the alleles of any set will remain constant from generation to generation. Under a system of random mating, the proportions of the genotypes, and usually therefore of the traits resulting from these genotypes, will likewise remain constant.
One of the most common fallacies in regard to genetics is that a character dependent upon a dominant gene will in time increase in proportion in a population merely because of the dominance of the gene concerned. Let me quote from a letter I recently received from a physician in one of our larger medical schools.
Dear Sir:
I have a question about which I would like your opinion. Doubtless you have been following the work on the Rh factor of erythrocytes. I find two statements made which I have not been able to digest, and I wish to do so for a book which I am writing. Thus, if but one in seven is Rh negative, the chance of a fetus being Rh negative is but one in forty-nine, and therefore only about two per cent of the population would be Rh negative in the next generation, and so on until all were Rh positive. Yet the fifteen per cent seems to be a definite figure, since it is the same in older and younger people. Obviously something is wrong and I don't know how to solve it. Thanking you in advance for your help, I am Yours very sincerely, Something is indeed wrong. What is wrong here is that the writer of the letter failed to consider the fact that Rh negative individuals are born from several types of matings in addition to that of two Rh negative parents. Let us consider a pair of alleles, R, a dominant gene producing antigen Rh, and r, its recessive allele not producing antigen Rh. Leaving out for purposes of this discussion the possibility of other alleles in this set, and considering just R and r, individuals in a population may be of the genotypes RR or Rr (Rh positive) or rr (Rh negative). If R alleles occur in the population with a certain proportion p, and r alleles with a proportion q, then p + q = 1, and the population under a system of random mating will be in the equilibrium ratio of p2RR: 2pqRr: q2rr. Since in the past, at least, persons have not picked mates because of their Rh factors, we may safely assume that mating in regard to this factor has been at random.
To show how this equilibrium ratio comes about, consider the following facts. If the proportion of R genes in the population is p and the proportion of r genes is q, then of the sperms produced p will contain R and q will contain r. Likewise of the eggs produced p will contain R, and q will contain r. The random union of sperms and eggs in the population would be as follows: It will be seen that RR individuals will occur in the resulting generation in the proportion p2, Rr individuals in the proportion 2pq, and rr individuals in the proportion q2. To prove that this ratio of p2RR 2pqRr : q rr is truly an equilibrium ratio and will not change from generation to generation, let us see what proportions of R and r gametes would be produced by this generation. The RR individuals will produce only R gametes, while the Rr individuals will produce gametes half of which contain R and half of which contain r. The rr individuals will produce only r gametes. The proportion of R gametes will therefore be p2+½/2 (2 pq) = p22+pq = p(p + q) = p. The proportion of r gametes will be ½12(2pq) + q2 = pq + q2 = q(p + q) = q. This generation will thus produce R gametes and r gametes in the ratio p:q, which is the same as the ratio in the preceding generation, and will result again in a new generation of individuals in the proportions p2RR: 2pqRr: 2rr.
Of the three genotypes, RR and Rr will result in Rh positive persons, and rr in Rh negative persons. Knowing the proportions of these two types of people in a population, it is easy to calculate the values of p and q. Since q2 is the proportion of Rh negative individuals in the population, q will be the square root of this proportion. Hence The squares in the diagram have been marked with letters, a, b, c, etc. for ready reference. Square i contains the offspring from matings of two Rh negative parents, all of whom will be Rh negative. Since such matings make up 0.0225 of all matings, they will produce 0.0225 of the children of the next generation. These are the Rh negative children of whom the writer of the letter was thinking. They are not, however, the only Rh negative children to appear. Examination of the diagram will show that half of the children in squares f and h will be expected to be Rh negative, as well as a quarter of the children in square e. Thus the total proportion of Rh negative children to be expected in the next generation is ¼ (0.2256) + ½ (0.0711) + ½2(0.0711) + 0.0225, which adds up to 0.15. This is the same proportion of rr individuals as that of the parental generation. By filling in the remaining squares and summing the proportions of RR and Rr children, it will be seen that they too will be expected to occur in proportions identical with those of the same genotypes in the parental generation.
An interesting sidelight on this particular example is that there is a slight selective action involved in the fact that Rh positive children from Rh negative mothers may develop erythroblastosis and die. Such children are heterozygous, Rr, and therefore their death removes from the population equal numbers of R and r. Because r is somewhat less common in the population than R, a greater proportion of r is removed in this way than of R. The result is that R will actually increase slightly in proportion from generation to generation as long as such selection persists, but only for this reason, and not because of anything inherent in its dominance.
The belief expressed in the letter, that traits dependent upon dominant genes will increase at the expense of alternate traits due to recessive genes, is all too prevalent. I recently overheard the statement that alkaptonuria is due to a recessive factor, which accounts for its rarity. True enough, alkaptonuria is the result of a recessive factor, but that fact has no bearing on its rare occurrence in the population. The rarity is due simply to the fact that the proportion of the recessive gene concerned is small. Blood group 0 is also the result of a recessive gene, yet it is the most cbmmon of the groups, and is not becoming any less common. Oval erythrocytes are the result of a dominant factor, yet the condition is rare, and will undoubtedly remain rare.
It will be noted that the first basic principle was stated under conditions of random mating, and with negligible or balancing effects of mutation, selection, and migration. Extensions of this principle would involve a discussion of the manner and rate in which each of these influences could change the proportion of a trait in the population. Such discussions are beyond the scope of the present lecture, and the condition stipulated for the first principle will be assumed for the following principles as well.
2. Classical Mendelian ratios are to be found within a family, or within a collection of families in which the parents in any one family are genotypically identical with the parents in any other family. Such ratios are not to be expected, however, in random samples from a freebreeding population, nor even necessarily among the offspring of a series of families where the parents in any one family are phenotypically identical with the parents in any other family.
Again there is widespread misunderstanding on this point. Let Similarly in a two-factor cross, the familiar F2 ratio of 9:3:3:1 will be possible only in the offspring of two parents heterozygous for both pairs of factors. Other matings will give other proportions of the various kinds of offspring, and the entire population will be a mixture of many individual ratios. The final ratio must be expressed in terms of the population proportions of the various genes concerned.
As a matter of fact, the A-B blood groups are not inherited as two pairs of factors, but as a series of three alleles, so that the 9:3:3:1 ratio could not occur in any event. Letting A represent the gene for the production of antigen A, aB the gene for the production of antigen B, and a the gene for the absence of antigen production, the genotypes of the four blood groups would be as follows: It is not necessary to abandon the hypothesis of a simple dominant gene for migraine because of the lack of simple Mendelian ratios in the progeny of the two kinds of matings which are under discussion. Such ratios are in fact not to be expected, because actually these two classes of matings are each composed of more than one kind from the standpoint of genotypes. Hence the final ratio will be a mixture of several "Mendelian" ratios.
To be specific, let us designate the proportion of gene M, producing migraine, as p, and the proportion of its recessive allele m, resulting in no migraine, as q. Then p + q = 1. Migrainous persons may be MM, occurring in the proportion p2, or Mm, occurring in the proportion 2pq. Non-migrainous individuals will be mm, occurring in the proportion q2.
Matings between two migrainous parents may then be of various kinds, involving respectively homozygous with homozygous, homozygous with heterozygous, and heterozygous with heterozygous. Within 2 2pq the migrainous, p2 + 2pq will be homozygous, and p2 p+2pq will be heterozygous. The only recessive (non-migrainous) offspring produced in matings between dominant (migrainous) parents will be one quarter of the offspring of two heterozygous parents. The 4. The comparison of predicted and observed population ratios may serve as a basis for estimating the number and kind of genes responsible for a hereditary variation in a population, just as the comparison of predicted and observed Mendelian ratios may serve as a basis for estimating the number and kind of genes involved in a laboratory experiment.
In the example cited in connection with the preceding principle, involving the inheritance of migraine, the observed and predicted proportions of recessive offspring were in each instance very close. If these proportions are not significantly different, this fact may be taken as evidence for the tenability of the hypothesis of a single pair of autosomal genes responsible for the variation in the trait.
In 1931 it was simultaneously and independently announced from my laboratory and from that of Blakeslee that the inability to taste phenyl-thio-carbamide was apparently the result of a recessive gene. These first results were based upon the non-statistical inspection of a series of family histories. In 1932 and 1934 I confirmed these results with a much larger group of families, using as further evidence an analysis of the material based on the proportions of the genes in the population. I developed formulae for the standard errors of the functions, as follows:
where N = total number of individuals used in deriving the value of q. Applying these standard errors to the proportions of offspring in the foregoing families of migraine, the differences between observed and calculated values are found to be non-significant.
Below are presented data on 1000 families including 545 matings of taster with taster, 363 of taster with non-taster, and 92 of non-taster with non-taster. The population incidence of taste deficiency was 0.287, so that q had a value of 0.536. It A correlation between two traits in the general population is most likely to be the result of the same gene or group of genes acting on both characters. It may also occur as a result of the racial grouping of genes. It is never the result of linkage. Linkage of the genes for two traits does indeed cause a correlation between them, but the correlation is within the offspring of individual families, not within the general population. Furthermore, the correlation will occur only within families of suitable genetic constitution, namely, those families in which at least one parent is doubly heterozygous. Moreover, when a correlation does occur, it will be negative in about half the families, positive in the other half.
When Dr. Penrose visited our laboratory, he very kindly discussed this problem with us, and at our request wrote a paper on the topic."8
The following The correlation in the general population, then, between physical and mental types would be due, in so far as it may be genetically determined, to the same gene or constellation of genes, and not to linkage.
Penrose"6, 17 has devised excellent methods for detecting genetic linkage in man. Other methods have been suggested by Bernstein,2 Wiener,29 Fisher,'0 Finney,9 and others. By the application of such methods some progress is being made in the mapping of human chromosomes (cf. Snyder24).
In the foregoing sections I have tried to codify, in the form of principles, the underlying theorems of the study of human population genetics. I hope that it may have cleared up some of the problems which have occurred to you.
In closing I would like to add one more statement; not a principle, but rather an observational fact arising out of the study of human population genetics. It is as follows:
Human populations, in so far as they have been studied, differ mainly in the proportions of the various alleles they contain, rather than in the kinds of alleles they contain.
Accurate estimates of the proportions of particular genes and their alleles in various human populations have been made in relatively few cases, largely because we know the exact mode of inheritance of only a small portion of human traits, and because in many of these, one allele of the pair is quite rare. Strandskov28 has pointed out that the major problems confronting us in the genetics of human populations are: ( 1 ) the determination of the genetic compositions of human populations at given moments in their history, (2) 28 Wiener,3O and Gates."1 It will be noted that each allele is represented in each population, but that the relative proportions of the alleles differ from group to group. There are sound reasons for believing that the same thing will be found to hold for practically all human genes when they are adequately studied. For example, the gene for sickle cell trait, which appeared at first to be confined to Negroes, has been found occasionally in white individuals with no detectable Negro ancestry. The gene for thallasemia, found most commonly among the Mediterranean races, has been reported in Australia.
The extreme positions held-by those who on the one hand claim that there are no genetic differences between human races, and those who on the other hand hold that certain races are "superior" and others "inferior," require drastic modification in the light of modern scientific advances in the study of the genetics of human populations. .080
